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By Norman M. McFadden, George R. Holden,
and Jack W. Rateliff

SUMMARY

Data are presented on the instrumentstion and calibration technique
used in determining the position error of angle~of-attack sensors mounted
on the fuselage of a 35° gwept-wing fighter airplane. The true angle
of attack was determined by the use of & nose boom with five angle-of-
attack vanes spaced 20 inchesm spart on alternate sides of the boom,
Errors due to boom bending, upwash eround the boom, snd vane floating
angle were measured and corrections applied to gll indicated esngles of
attack. The position error at the forward vane was determined to be
negligibly small,

INTRODUCTION

In modern fire-control and guldance systemg for aircreft and guided
missiles it is necessary to use angle-of-attack and sngle-of-sideslip
signals. One promising method of obtaining these signals is by the use
of flow~direction sensing devices mounted on the forward part of the
fuselage. A calibration of the position error of such a device mounted
on the fuselage of a-35° swept-wing fighter airplane has been made and
reported in reference 1.

Since the release of Haie report much interest has been expressed
in the calibration technique and instrumentation used in the investiga-,
tion. The present report was prepared to give a description of the
calibration technique and instrumentation used in obtaining the data of
reference 1.
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NOTATIONR
M Mach number
n number of occurrences of each value of ¢
q dynamic pressure (%‘ pV2>
R distance from boom exils
Rg redius of boom
S wing area, square feet
v velocity, feet per second
Vo velocity in undisturbed stream, feet per second
Cx normal force coefficient (normaésforce)
ar indicated sngle of attack, degrees
aq true angle of attack, degrees
Brp true sidesllp angle, degrees
€ uncertainty or error of measurement
p density, slugs per cublc foot
(o standard deviation

GENERAL. METHOD OF CALTBRATION

To calibrate the position error of the fuselage detectors, 1t was
necessary to compare the angle of attack indicated by the detectors with
the true angle of attack of the airplane. The true angle of sattack wasg
obtained from the forward vane of a nose boom containing five vanes
(fig. 1). To insure that the forward vane was in a reglon substantially
free of the upwaesh field of the wings and fuselage, the local angle of.
attack at each vane locatlon was plotted as a function of the dlstance
of the vane from the front of the nose of the sairplane, If the local
engle of attack has reached an agymptotic value at the forward vane,

the vane can be assumed to be out of the upwash field of the wings and

fugelage. .
f'-: - “, '__?
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The true local angle of attack at each vane location was cobtained
by adding correctlons for vane floating angle, upwash around the boom,
and boom bending to the indicated angles of attack. The corrections for
upwash around the boom and for vane floating angle were obtained from
calibrations of the nose boom made in the Ames 12-foot pressure wind
tunnel. The corrections for boom bending were found by measns of photo-
graphs of the boom tesken during the test flights. To eliminste errors
due to temperature effects on the voltage regulator and recording
oscillograph, & £light calibration circuit was included in the instru-
mentation.

EQUIPMENT AND INSTRUMENTATION

Bagic Alrplane and Instruments

Test airplane.- The test airplane was a standard F-86A-5. Figure 2,
the test alrplane as instrumented for flight, and figure 3, a two-view
drawing of the test airplane, show the nose boom with its five vanes,
the locatlon of the fuselsge detectors, and the Kollsman head for the
airspeed system mounted on the end of the nose boom.

Angle-of-gttack vanes.- A nose boom, developed by North American
Aviation, Inc., and modified by Naval Ordnance Test Station, Inyokern,
was used to determine the true angle of atteck. This boom contained
five angle-of-attack vanes spaced 20 inches apert with the. forward vane
100 inches in front of the nose of the airplane (figs. 1 through 3).
The vanes themselves were wedges of approximately 3~ of 0.70 aspect
ratio. Potentiometer pickups were made of 600 to 650 turns of 0.00l-inch
wire wound on a 1/8-inch-diameter mendrel, 3/h-inch long. The wipers,
attached directly to the sheft of the vanes, were made of 0.007-inch
Paliney wire. Details of the angle-of-attack vanes are given in figure U,

Fuselage detectors.- Specialtles, Inc., Type J, Airstream Direction
Detectore (kmown as ADD) were mounted as angle-of-attack detectors ‘on the
left and right sides of the fuselage about one-third root chord in front
of the leading edge of the wing (see fig. 3). A third ADD mounted on the
lower center line of the fuselage Just behind the 1lip of the inteke was
used to measure sideslip. The ADD (fig. 5) is a self-actuating null-
gseeking device which operates on the difference In pressures at two
slots 60° apart on a2 3/8-inch cylindrical probe. The pressure difference
at the two slots, operating on a paddie linked to the probe, rotates the
probe until the pressures et the two slots are equal, A potentiometer is
_used to measure the angular rotation of the probe. A close-up of the
sideslip probe 1s shown in figure 6.

R TN T ik
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Other instruments.- Standsrd NACA instruments were used to record
impact pressure, statilc pressure, and normal acceleration. The impact

and static pressures weré obtalned with a Kollsman-type sairspeed hesd -

mounted on the nose boom 12-1/2 feet in front of the nose of the air-
plane, Reference 2 presents a calibration of a similar alrspeed system
on this airplane. ) ' o7

Angles indicated by the angle-of~-attack vanes and the fuselage
detectors were recorded on an 18-channel Consolidated oscillograph.
The necesgary power for the transducers was supplied from the ailrplane
electrical system through a Sorensen regulated direct-current power
supply set at 24 volts. A 0O.l-second timer was used to synchronize
records on all instruments installed in the airplane.

Flight Calibrator

An in-flight calibration circult was incbrporated in the instru-
mentatlion to enable check calibrations of the recording circuits to be

made in flight, This calibrator (fig._?) consisted of a stepping swiltch . L

actuated by the 0.l-second instrument timer which, at the beglmning of

each record, switched off the voltage supply to all recording circuits ' ‘

for 0.2-second (calibretion point mmber 1); then switched each channel
to a fixed potentiometer for another 0.2 second (calibration point

number 2); and finally, switched each channel to its normal recording
potentiometer. This produced a two-point check celibration which was
used to correct the calibration of each channel for each record (table I).
More recent installstions have used motor driven switches and placed the
calibration at the ¢nd rather than at the beginning of the record.

CALIBRATION TECHNIQUE

Angle-of-Attack Vanes

Besides the corrections required to correct for the electrical
eccentricities of the recording circuits as determined by flight cali-
bration, it was necessary to correct the indicated angles of attack for
errors due to bending of the angle-of-attack boom, upwash around the
boom, and for the floating angle of the angle-of-attack vanes. Correc-
tions for boom bending were obtained from photogrephs of the tip of the
boom taken in Fflight, using a gunsight camera mounted in the lower 1lip
of the intake. Prior to flight, the angular rotation of the boom axis
at the base of each vane was measured and the corresponding displacement
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on the photograph of the tip of the boom was eveluated with the boéom
gubjected to a uniformly distributed load.

The effects of upwash' around the boom and the floating angle of
the angle-of-attack vanes were obtained from tests in the Ames 12-foot
pressure wind tunnel over s Mach rmmber range of 0.50 to 0.96 at seversl
tunnel total pressures and in both the upright and inverted positionms.
Figure 8 shows the angle of attack indicated by the forward vane as a
function of true sngle of attack for both the right side up and inverted
positions. The floating angle (one-half the difference between the
right side up and inverted indications of the angle-of-attack vane) is
relatively independent of Mach mumber and equal to 0.35° to 0.40°. The
data of a Mach number of 0.96 are considered to be unreliable because
of tunnel choking., Similsr data were obtained for the other four vanes.

The devietion of the lines of figure 8 from the L45°, or slope of 1,
is due to the bending of the boom under elr loads and to the upwash
sround the boom, To separaste these effects, the slope (dmI/daT) is
plotted in figure 9 as & function of the tunnel dynemic pressure and
the resulting curve extrapolated to zero dynamic pressure, The wvalue
of the intercept, daI/daT = 1.058, at zero dynsmic pressure (hence zero
boom bending due to aerodynsmic loads) is the measure of the upwash
effect. The slope of the line in figure 9 could be tised to determine
the boom bending due to dynamic pressure; however, since the Flight data
were affected by acceleration as well as by dynamic pressure, the flight
date were corrected from pictures taken of the boom in flight ag discussed
previously.

Conslideratlions of two-dimenslonal incompressible flow about a
cirecular cylinder (reference 3) indicate that

v (]

on the plane through the center of the cylinder and perpendicular to the
flow. Assuming independence of the cross flow, it follows that for smaell

angles
2
a1+ ]

The ratio ay/ap &s a.function of R/R, is pPlotted in figure 10. The

cireled pointy, the one test point for the vane-boom configuraticon of this
report, indicates good agreement with the simple theory.

An slternate method of obtalning the floating angle of the vanee is
to fly on successive flights with the boom rotated 1800, thus using the
angle~of-attaeck vanes both right side up and inverted. Figure 11 shows
the angle of attack indicated by the forward vane both right side up and
inverted as & function of the angle of attack indicated by the right

* .~ 1
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fuselage detector. The agreement with the tunnel results is quite good,
the flight results indicating the floating angle to be about 0.40°
to 0.45°.

We can now correct the angle of attack indicated by each vane for
vane floating angle, upwash around the boom, and boom bending to give
the correct value of the local flow angle. To obtaln the true angle of
attack of the alrplane, the corrected local angle of attack at each vane
position is plotted as a function of its distance in front of the nose
of the airplane. This is done in figure 12 for several normal force
coefficients at a Mach number of 0.81 and at several Mach mmbers over
a normal force coefficlent range of 0.17 to 0.35. (Data for the vane
80 inches forward of the nose are omitted because of instrument mal-

forward vane wes used as indicating the true angle of attack without
applying corrections for position error.

To give an idea of the relative lmportance of the various corrections

that were applied to the angle-~of-attack vane indications, a tabulation
cf the maximum correction applied in each case 1is given below:

Correction " Meximum value
Vane floating angle 0. h5° (vane at 60 in.)
Boom bending 1. 25
Upwash around boom 0. 62
Flight calibrator 0.75
Position error. ’ 0.0°

Associated with the use of numercus correctlions, a rather careful

callbration technigue was found necessary to keep the accuracy of the
te withln acceptable limits, Prior to the serles of flights a

calibration was made of the angle of attack of the vane as & function
of the oscillograph-trace deflection using the calibration fixtures
ghown in figure 13. The zero was established by the zeroing jig (merely
& channel with the legs ground parallel so that when placed against the
boom and the shaft of the vane the vane will be held parallel to the
boom). The calibration was taken in 2° increments, for both incressing
and decreasing angle of attack, taking care to always approech the
desired value from below when Increassing angle of atiack and from above
when decreasing angle of attack to bring out any hysteresis that might

be pregent., Just prior to and just after each flight a check calibration

was taken of 0°, +5°, and +10°. These pre- and post-flight check
calibrations occasionally revealed & gmall zero shift which was gpplied

SN
£ RE

function.) This shows that the vane 60 inches forward of the nose of d}ﬂ v

the ailrplane is substantially free—of~ponition efror-aud-the-vane —_
100 inches forward of the nose ig\Qertainly (for practical purposes) /  F°
out of the influence of the fuselag .- Consequently, this 4,m

éx
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to the callbration before working up the data. During this calibration
procedure the flight calibrator was operating and all calibration points
were ghifted in accordance with 1ts Indications. Table I is the computa-
tion sheet used to correct the data points for the zero and slope shifts
of the recording circuits as measured with the flight calibrator.

Fuselage Detectors

There is no provision for directly checking the alinement of the
ADD probe with the fuselage reference line, It is necessary to rely
upon the initlal adjustment by the manufacturer in which two Jig holes
(fig. 5) are established perpendiculsr to the alr stream when the wiper
is in the center of the potentiometer. By use of g fixture in the Jig
holes and & gunner's quadrant (an inclinometer), the instrument was
alined with the fuselage reference line. Then calibrations of the probe
were made by clamping the calibration fixture shown in figure 13 to the
probe, securing a polnter to the fuselsge, and using the clockwise stop
of the instrument as a reference point. (The angular displacement of
the probe from the clockwise stop to 1ts position when the wiper was in
the center of the potentiometer was previously determined in the
laboratory.) As in the case of the angle-of-attack vene calibrations,
the ADD calibrations were made in 2° increments, both increasing and
decreaging angle of attack.

As a check on the accuracy with which the Jig holes in the instru-
ment were alined, the two angle~of-atteck ADD*s were interchanged, thus
inverting them from their original position. Figure 1k presents the
normal force coefficilent as a functlon of the angle of attack indicated
by the two ADD's for both the upright and inverted positions. The two
curves for ADD mmmber 13 fall on one enother, while number 23 indicetes
an angle of attack 0.4° larger when on the left side of the fuselage
and 0.4° smaller when on the right side of the fuselage, showling that
Instrument number 13 was properly.aslined, while mumber 23 was out of
alinement by 0.4°.

Accuracy of Measurement

Angle-of-attack vanes.,- There are certain difficulties in establish-
ing the over-all accuracy of a measurement where there are several
corrections involved, each of which in itself 1s subject to error. The
uncertainties of each component of the final corrected measurement can
be estimated with a falir degree of confidence. However, a simple
sumation of these uncertainties, although glving a meximm possible
error vwhich would not be expected to be exceeded, would.give a value

e
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which could be expected to be approached only very rarely. A more
realistic approach is to obtain the standard deviation of the final
measurement from the standard deviations of each component measurement,

In estimating the uncertainties of the various components of the
angle-of-attack measurement, most of the uncertainties were of the order
of one or two times the least count of the measuring Instrument involved.
In the case where the uncertainty 1s entirely within the least count of
the insgtrument, there would be an equal probability of the true value
lylng anywhere within the region of uncertainty, or, 1n other words, the
error distribution would be a rectangle as shown below:

Number of
occurenceg, n

-€ 0 +€
Error

The stendard deviation, defined as the séuéré”roat df the mean of the
squared deviations, in this case would be

i1/=2

fznxedx '
g = ~ = €
2ne I

Assuming this type of distribution for all errors (a conservative
agsumption), and since the standard deviation of the final corrected
measurement is the square root of the sum of the squares of the individusl
standard deviationa (reference L), the standard deviation of the fingl
measurement is

Tporgy = WEGE = J—g:Jz—ea‘

In thils case, for a large number of observ&tions the errors would be less
than the standard deviation 58 percent of the time.

#
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Estimates of the uncertainties of each component of the final
measurement of the true angle of attack are given in the following
tebulation:

Basic callbretioN..eeeecseesss +0.10°
Flight calibratioN..eeesecsees +0.10°
Pre- and post-flight zeros.... 0.05°
Boom upwash correctionN,.ceeeee £0,05°
Floatlng angle correctiofeeese 10.05O
Boom bending..ceecececececscses +0.05°

Standard deviation, & = VZe2/a3 = 0.10°

There is an additlional possible socurce of error from assuming the
upwash effect of the wings and fuselage to be negligible for the forward
vane, This error would be proportional to the angle of attack and, from
figure 12, 1t would appear that errors from this source would be less
than 0.05°. .

Fuselage detectors.- An analysis of the torque theoretically
avallable and meagurements of the static frictlon of the ADD indicates
its sensitivity to be 0.11° at the miniwum values of dynemic pressure
encountered during the tests. The resolution of the recording clrcuits
of the ADD is much better than this value,

TEST PLIGHTS

The test £lights consisted of a series of wind-up turns, increasing
scceleration up to the buffet boundary while holding zero sideslip and
Mach number as constant as possible. It is particularly necessary to
maintain the sldeslip angle near zero, for, as shown in figure 15, the
angle of attack indicated by the fuselasge detectors 1s a function of
gideslip. The desired calibration 1s obtained by comparing the true
aengle of atteck with that indicated by the fuselage detectors. As a
gsample of the data in the final form, figure 16 presents the data for
35,000 feet at several Mach numbers. Over 80 percent of 2ll data points
taken are within +£0.1° of the faired straight lines, while over 96 percent
are within #£0.25°. (See reference 1 for complete dsta and discussion of
results.)

A computation sheet showling the method of reduction of the angle-
of-attack data to the final form is presented 1n table II.

?\.a-—r-—r - —ﬁ
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CONCLUDING REMARKS

With the angle~of=-attack vane installation described in +this report,
the true angle of attack was measured with the standard deviation of the
random errors estimated to be #0.10°. 1In addition there was a consistent
error Ppro gortional to angle of attack which was estimeted to be less
than 0.05° at the maximm values of angle of attack encountered. This
accuracy wasg obtained by measuring the effects of and applylng corrections
for upwash around the boom, vane floating angle, and boom bending. The
position error (upwash from the fuselage and wings) was measured and
found to be negligibly small at the position of the forward vane .

(100 inches in front of the nose of the airplane).

The vane floating angle arid boom upwash corrections were obtained
by the use of wind-tunnel calibretlons. However, it was shown that the
vane flosting sngle could be obtained in flight by a 18Q° rotation of
the boom on which the angle-of-attack venes were mounted, and that
simple theoretical estimates of the boom upwash were quite good. There-
fore, it should be possible to make a similar calibration without
recourse to wind-tunnel tests. However, if the vanes are much closer
to the center of the boom tharn two boom diameters (distance of this
test), the theoretical corrections become quite large and further checks
of the upwash arouhd the boom should be made, '

In this investigation the airplane angle of attack was related to a
local flow angle measured on the fuselage. Any sensing device of suit—
gble sensitivity and accéuracy could be used to measure this local angle,

Anmes Aeronautlcal Laboratory
National Advisory Committee for Aeronsutics
Moffett Field, California
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TABLE I,- CALCULATION SHEET TO CORRECT MFASURED TRACE DEFLECTION FOR SENSITIVITY
AND ZERO SHIFTS OF RECORDING CIRCUITS AS IRDICATED BY THE FLIGHT CALIBRATOR
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Figure 1.~ The angls-of attack vene and nose~boom {netallation.
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37.12°

4&/@ vane

Sideslip vane

Angle- of- attack
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Angle -of- atfack
defector location

37.54’ 4

Angle- of-attack dstector location

1542~ |~ = . . | /
/ I—0953' @' Airplone reference line —

Sidesllp defector on lower fuseloge ¢
Figure 3-Two —view drawing of the lest airplane.
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Figure 6.— Probe of the sideslip fuselage detector.
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Figure 13.— Calibration fixture and zeroing Jig in use.

27



28 SyE———y o . NACA RM A52123

O ADD serial number 13, left side |
O ADD serial number 13, right side
A ADD serial number 23, left side
6 O ADD serial number 23, right side
5 ' /:6
. A
o : /
- R ‘E/ . ’
§ 4 E 7AY
S
8 /
g Jal
Q
\
..,? - /<7 Ja¥
S
£ A
s - Y
< /c A
A
A
73
W
0 l
o 2 4 6 g /10

Angle of attack indicated by the fuselage
detectors, a,, deg

Figure 14.-The variation of normal-force coefficient with
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normal position and interchanged .
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